Objective-A recent admixture mapping analysis identified interleukin 6 (IL6) and IL6 receptor (IL6R) as candidate genes for inflammatory diseases. In the airways during allergic inflammation, IL6 signaling controls the production of proinflammatory and anti-inflammatory factors. In addition, albuterol, a commonly prescribed asthma therapy, has been shown to influence IL6 gene expression. Therefore, we reasoned that interactions between the IL6 and IL6R genes might be associated with bronchodilator drug responsiveness to albuterol in asthmatic patients.
Introduction
The interleukin-6 gene (IL6) pathway has been implicated in the pathogenesis of asthma, because it controls the production of proinflammatory and anti-inflammatory factors in the airways during allergic inflammation [1] . Compared with healthy controls, individuals with asthma have increased circulating levels of both IL6 and soluble IL6 receptor (sIL6R), which are further increased during an asthma attack or antigen inhalation [2, 3] .
A recent admixture mapping analysis of an African-American cohort showed an association between European ancestry on chromosome 1 and sIL6R levels [4] . Fine mapping of this region determined that a single coding variant of the IL6R gene, which resulted in a nonsynonymous amino acid substitution (rs8192284), was strongly associated with sIL6R and IL6 serum levels in Blacks and Whites. Interestingly, the frequency of this variant was highest in Europeans (35%) and lowest in West Africans (4%). In addition, genetic variants in the IL6 gene have been shown to affect IL6 gene expression and IL6 serum levels [5] [6] [7] . Furthermore, albuterol, a commonly used asthma medication, has been shown to increase IL6 gene expression in vivo and in vitro [8] [9] [10] .
On the basis of the racial-specific genetic differences and the biological evidence, we hypothesized that genetic variants in the IL6 gene pathway interact to modify the bronchodilator drug responsiveness between Latino and African-American individuals with asthma. To test this hypothesis, we analyzed individuals from the Genetics of Asthma in Latino Americans (GALA) Study and the Study of African-Americans, Asthma, Genes, and Environments (SAGE) [11, 12] .
Methods

Study participants
Recruitment and patient characteristics have been described earlier elsewhere [11, 12] . Briefly, 700 Latinos consisting of 301 Mexicans and 399 Puerto Ricans with asthma (probands) and their biological parents were enrolled to the GALA study. African-American asthmatic patients (nλ=λ267) and healthy controls (nλ=λ176) were enrolled to the SAGE study. In both GALA and SAGE studies, ethnicity was self-reported and patients were enrolled only if both biological parents and all four biological grandparents were of the same ethnic background. Patients were 8-40 years of age, had a current physician diagnosis of asthma, and had experienced asthma symptoms (wheezing, cough, or shortness of breath) over the last 2 years. Local institutional review boards approved all studies, and all participants provided written, age-appropriate informed consent.
Pulmonary function tests
Spirometry was performed according to the ATS standards [13] . Pulmonary function test results were expressed as a percentage of the predicted normal value using age-adjusted prediction equations from Hankinson et al. [14] . Baseline lung function was determined by the forced expiratory volume in 1λs expressed as Pre-FEV 1 . Albuterol was administered by a standard metered dose inhaler through a spacer device: 180λµg (two puffs) for patients aged below 16 years, and 360λµg (four puffs) for patients aged above or equal to 16 years. A quantitative measure of bronchodilator drug responsiveness (ΔFEV 1 ) was calculated as the percentage change in baseline lung function (Pre-FEV 1 ) after albuterol administration using the formula: ([post-FEV 1 (in liters)-pre-FEV 1 (in liters)]×100)/pre-FEV 1 (in liters).
Individual ancestry estimation
To determine the individual genetic ancestry estimates, we genotyped 104 ancestry informative markers (AIMs) in all Mexicans, Puerto Ricans, and African-American asthmatic patients. The AIMs were selected to be distributed across the genome and encompassed large allele frequency differences between Native American, West African, and European ancestral populations. Genotyping data of these AIMs were imputed into the program STRUCTURE 2.1 to determine the individual genetic ancestry estimates in each patient. To correct for population stratification, individual genetic ancestry estimates were included in the regression models [15] .
Controlling for population admixture
Population substructure and admixture can confound genetic association studies in unrelated individuals, thus resulting in spurious associations [16] . Given that our selected sample sets were drawn from highly admixed populations, we addressed this possible confounding by using a family-based design (Transmission Disequilibrium Test), which is not susceptible to confounding because of population structure and/or recent admixture [16] . The Transmission Disequilibrium Test includes both parents and an affected child, where an allele is tested for association with a phenotype based on over or under transmission [16] . We also measured genetic ancestry and controlled for genetic confounding between unrelated individuals.
Selection of single nucleotide polymorphisms
The SNPs were selected based on their potential to alter gene function. Of the selected SNPs, two SNPs in the IL6 gene promoter [−174C/G (rs1800795) and −572C/G (rs1800796)] have been extensively studied and have been shown to affect the IL6 gene expression and serum levels [5] [6] [7] . The two IL6 coding variants, Pro32Ser (rs2069830) and Asp162Glu (rs13306435), have been recently described to affect IL6 binding to gp130 [17, 18] . The genetic variant IL6R Asp358Ala (rs8192284), which was identified through admixture mapping, corresponds to the proteolytic cleavage site of the IL6R and affects serum levels of sIL6R and IL6 [4, 19] .
Before carrying out large-scale genotyping, we sought to determine the allele frequencies of these SNPs in a subset of 72 unrelated asthmatic patients, 24 of each ethnic group (Mexican, Puerto Rican, and African-American). The inclusion of 48 chromosomes for each group provides greater than 80% power to detect any polymorphic variants with a minor allele frequency (MAF) of greater than 5% with a significance level (α) of less than 0.05. The genetic variants with a MAF greater than 5% were further selected to be genotyped in the following populations: IL6R rs8192284 and IL6 rs1800796 were genotyped in all the three populations; IL6 rs1800795 in both Puerto Ricans and Mexicans; IL6 rs2069830 in both Puerto Ricans and African-Americans; and IL6 rs13306435 in Mexicans only.
Genotyping
The SNPs were genotyped using the AcycloPrime-FP (PerkinElmer, Waltham, Massachusetts, USA) method [20] . The PCR cocktail included: 2.4-4.0λng of genomic DNA, 0.1-0.2λµmol/ l of primers, 2.5λmmol/l of MgCl2, 50λµmol/l of dNTPs, 6λµl volume with Platinum Taq PCR buffer, and 0.1-0.2λU Platinum Taq (Invitrogen, Carlsbad, California, USA). PCR cycling conditions were as follows: one cycle 95°C for 2λmin, 35 cycles of 92°C for 10λs, 58°C for 20λs, 68°C for 30λs, and final extension at 68°C for 10λmin. We used AcycloPrime-FP kits for enzymatic cleanup and single-base extension genotyping reactions. Plates were read on an EnVision fluorescence polarization plate reader (PerkinElmer).
Statistical analyses
In the GALA trios, Mendelian inconsistencies were identified using PedCheck [21] . Families with Mendelian inconsistencies were excluded from further analyses. The Hardy-Weinberg equilibrium (HWE) was calculated by means of the χ 2 goodness-of-fit tests for each ethnic group. Pair-wise linkage disequilibrium (LD) was estimated by using the program LD Plotter, which uses an iterative expectation-maximization algorithm to calculate r 2 values [22] .
Single SNP associations
Family-based association tests [23] and family-based tests for associating haplotypes (Haplotype-Based Association Testing, HBAT) [24] were used to assess the association between individual SNPs and haplotypes with the bronchodilator drug responsiveness in Latino asthmatic patients. Haplotypes were determined using HBAT [24] . Multiple linear regression models were used to assess the association between individual SNPs with the bronchodilator drug response in African-Americans. In all the three populations, we tested for an association with bronchodilator responsiveness (defined by the quantitative phenotype of ΔFEV 1 ) and with either high or low bronchodilator responsiveness (defined by the qualitative phenotype of ΔFEV 1 greater or less than 12%, respectively) [25] . A dominant SNP model was used for the analyses to provide greater statistical power by generating tests with few degrees of freedom and allowing for tests of interaction between SNPs of low allele frequency. Given the number of comparisons made, a permutation test implemented in the program PLINK was used to assess the reliability of the results [26] . This permutation tests calculates empirical P values based on the number of times the permuted test is greater than the observed test.
Gene-gene interactions
The effects of gene-gene interaction on drug response (ΔFEV 1 ) were determined by using multiple linear regression models. Specifically, SNPs of the IL6 gene were paired with the IL6R SNP to model the effect of gene-gene interaction on the bronchodilator drug responsiveness. The following variables were tested for their inclusion in a backward stepwise regression approach based on their potential for confounding: age, sex, ancestry, ethnicity, asthma duration, pre-FEV 1 and use of short-acting β 2 -agonists, long-acting β 2 -agonists, inhaled corticosteroids, oral corticosteroids, leukotrienes, theophylline, and cromolyn. An Ftest determined which of these aforementioned variables significantly affected the gene-geneinteraction model. The variables included in the final model were age, ancestry, ethnicity, asthma duration, and pre-FEV 1 . All regression analyses were performed using the statistical software package STATA/SE 9.0 (StataCorp, College Station, Texas, USA). Analyses were adjusted for baseline level of lung function, that is, Pre-FEV 1 .
Pharmacogenetic effect modification by genetic ancestry
Prior genetic analyses showed ancestry-specific genetic differences at the IL6R locus, which were associated with circulating serum levels of both the IL6 and sIL6R [4] . Circulating levels of these cytokines significantly differed between African-Americans and Whites. Therefore, we reasoned that the pharmacogenetic effect resulting from the gene-gene interaction might be modified by genetic ancestry. A three-way gene-gene-ancestry interaction term was generated to model the effect of gene-gene-ancestry pharmacogenetic interaction on ΔFEV 1 . For this analysis, we analyzed SNPs, IL6 rs1800796 and IL6R rs8192284, which were genotyped in all the three populations. To illustrate the effect of ancestry on the pharmacogenetic interaction, mean bronchodilator drug response (ΔFEV 1 ) resulting from the interaction between the C allele of IL6 rs1800796 and the C allele of IL6R rs8192284 was generated by obtaining mean ΔFEV 1 for every quartile of the percentage of European and Native American ancestry in each individual.
Results
Characteristics of the patients
Demographic and clinical characteristics of the 700 probands with asthma (301 Mexicans and 399 Puerto Ricans) and 267 African-Americans with asthma are shown in Table 1 . The median age of the Mexican, Puerto Rican, and African-American asthmatic patients was 16.5, 14, and 19 years, respectively. Both Mexican and Puerto Rican asthmatic populations had approximately 50% male and female patients, whereas African-American asthmatic populations had 39.3% male patients. The median baseline lung function (Pre-FEV 1 ) was 88.9, 83.7, and 91.5% in Mexican, Puerto Rican, and African-American asthmatic patients, respectively. As described earlier, the bronchodilator responsiveness measured by the ΔFEV 1 was significantly greater for Mexican asthmatic patients than for Puerto Rican or African-American asthmatic patients (P<0.0001) [11] .
Allele frequencies, Hardy-Weinberg equilibrium, and linkage disequilibrium
The MAFs of IL6R and IL6 SNPs for Mexicans, Puerto Ricans, and African-Americans are listed in Table 2 . The observed distribution of genotypes within each ethnic group was in the HWE and the frequencies did not differ from those reported in public databases ( Table 2 lists the frequencies available in public databases in different ethnic groups for comparison). Similar to the allele frequencies noted in public databases and to Reich et al. [4] , we observed, that the C allele of IL6R SNP rs8192284 was overrepresented in Native Americans in comparison with other ethnic groups. Among our study participants, Native American ancestry, on average, was highest in Mexicans (52%), intermediate in Puerto Rican (18%), and lowest in AfricanAmericans (<1%). The allele frequency of the IL6R SNP rs8192284 paralleled Native American ancestry. Mexicans had the highest frequency of the C allele of IL6R rs8192284 (0.54), whereas Puerto Ricans had an intermediate frequency (0.41), and African-Americans had the lowest frequency (0.13). No significant LD was observed between the IL6 SNPs (r 2 <0.7, Table 3 ).
Association analysis of IL6 and IL6R genotypes and haplotypes with the bronchodilator drug response
Among Mexicans, the IL6 SNPs rs1800796, in the promoter region, and rs13306435, in the exon region, were significantly associated with lower drug response, as defined by a ΔFEV 1 less than 12% (Table 4 ). The C allele of rs1800796 conferred an OR of 1.40 for lower drug response among Mexicans (95% confidence intervalλ=λ1.00-1.96, Pλ=λ0.02). In addition, the A allele of rs13306435 conferred an OR of 0.57 for lower drug response among Mexicans (95% confidence intervalλ=λ0.36-0.90, Pλ=λ0.002). These results in Mexicans remained statistically significant in SNP rs1800796 and SNP rs13306435 after 360 and 1014 permutation tests, respectively. In contrast, no significant association with the bronchodilator drug response was found for SNP rs1800796 in Puerto Ricans or African-Americans (Table 4) , although the frequency of the C allele of this SNP was lower (0.14 in Puerto Ricans and 0.12 in AfricanAmericans vs. 0.34 in Mexicans, Table 2 ). There was no significant association between IL6R genotypes with the bronchodilator response in the three populations.
A total of four different IL6 haplotypes (frequency of > 1%) were observed in Mexican, Puerto Rican, and African-American asthmatic patients. The haplotype association results were consistent with those of the individual SNPs. Among Mexicans, the haplotypes which carried either the C allele of SNP rs1800796 or the A allele of SNP rs13306435 were associated with lower drug response, as defined by a ΔFEV 1 less than 12% (Pλ=λ0.05 and 0.002, respectively).
IL6 and IL6R gene-gene interaction analyses
We tested for the effects of a gene-gene interaction on bronchodilator drug response (ΔFEV 1 , Table 5 ). All of the SNPs genotyped were used to analyze the IL6R/IL6 gene-gene interaction (i.e. IL6R SNP rs8192284 modeled with IL6 SNP rs1800795, rs1800796, and rs13306435 among Mexicans; IL6R SNP rs8192284 modeled with IL6 SNP rs1800795, rs1800796, and rs2069830 among Puerto Ricans; and IL6R SNP rs8192284 modeled with IL6 SNP rs1800796 and rs2069830 among African-Americans). The alleles of the SNPS in the gene-gene interaction were found to be significantly associated with modified bronchodilator drug response among Mexicans and African-Americans. Among Mexicans, the C allele of IL6R rs8192284 significantly interacted with the C allele of IL6 rs1800795, the C allele of IL6 SNP rs1800796, and the A allele of IL6 SNP rs13306435 to be associated with increased bronchodilator drug responsiveness (Pλ=λ0.005, 0.009 and 0.005, respectively). Among Puerto Ricans, the interaction of the C allele of IL6R rs8192284 with the C allele of IL6 SNP rs1800796, and the T allele of IL6 SNP rs2069830 were marginally associated with increased bronchodilator drug response (Pλ=λ0.08 and 0.06, respectively). In contrast, the interaction of C allele of IL6R rs8192284 with the T allele of IL6 SNP rs2069830 significantly interacted to be associated with decreased bronchodilator drug response among AfricanAmericans (Pλ=λ0.04).
Pharmacogenetic effect modification by genetic ancestry
The IL6 and IL6R pharmacogenetic gene-gene interaction resulted in higher drug response to albuterol in Latinos, but lower drug response in African-Americans. We reasoned that these results were, in part, contextual and dependent upon the ancestral background of the population. Therefore, we tested for effect modification by genetic ancestry on drug response. Significant effect modification was observed with Native American ancestry within the Mexican population. Specifically, among Mexican asthmatic patients, the C allele of IL6R rs8192284 and the C allele of IL6 SNP rs1800796 interacted with Native American ancestry to result in a significantly increased bronchodilator drug response (Pλ=λ0.03) and a trend toward interaction with European ancestry that resulted in decreased bronchodilator drug response (Pλ=λ0.09). Although the pharmacogenetic interaction between the C allele of the IL6R SNP rs8192284 and the C allele of the IL6 SNP rs1800796 with ancestry did not reach statistical significance in Puerto Rican or African-American asthmatic patients, a similar trend in the same direction was observed; the C allele of IL6R SNP rs8192284 and the C allele of IL6 SNP rs1800796 pharmacogenetic interaction with Native American ancestry resulted in a higher bronchodilator drug response in Puerto Rican asthmatic patients, whereas this same pharmacogenetic interaction with European ancestry resulted in a lower bronchodilator drug response in both Puerto Rican and African-American asthmatic patients. On the basis of this similar trend of effect modification by ancestry along with similar frequencies in the HWE in both Mexican and Puerto Rican asthmatic patients, we combined these two populations together to show the mean bronchodilator drug response (ΔFEV 1 ) for the C allele of IL6R SNP rs8192284 and the C allele of IL6 SNP rs1800796 pharmacogenetic interaction with ancestry ( Fig. 1) . To control for possible marginal effects of ancestry on drug response, ancestry was included as an independent variable in the regression model. The mean ΔFEV 1 for the C allele of IL6R SNP rs8192284 and the C allele of IL6 SNP rs1800796 pharmacogenetic interaction increased with increasing amounts of Native American ancestry; whereas, the mean ΔFEV 1 for the same pharmacogenetic interaction decreased with increasing amounts of European ancestry.
Discussion
In this study, we identified the involvement of the IL6 and IL6R genes in the bronchodilator drug response in Latino and African-American asthmatic patients. The inclusion of three ethnically diverse populations (Mexicans, Puerto Ricans, and African-Americans) has allowed us to identify an effect modification by ancestry on the IL6 and IL6R genetic interaction of drug response amongst asthmatic patients. Although no single SNP was consistently associated with drug response in the three populations, on the gene level, we have found a consistent gene-gene pharmacogenectic interaction. Among admixed populations, complex genetic associations may be more informative on the gene level rather than on the level of individual SNPs [27] . Furthermore, cross-ethnic validation provides strong evidence for true genetic effects on disease especially after controlling for population structure by family-based design [28] . These findings are further supported by the fact that both IL6 and IL6R have been implicated in the pathogenesis of asthma [29] . Together, as a whole, these results suggest that there is a pharmacogenetic interaction between IL6 and IL6R genes and bronchodilator drug response in asthma.
Results of an admixture mapping analysis for inflammatory markers led us to explore the IL6 pathway as a potential modifier of bronchodilator drug response [4] . In the analysis of inflammatory markers, Reich et al. [4] showed that a missense mutation, IL6R SNP rs8192284, fully accounted for an admixture peak. Furthermore, this genetic variant influenced circulating markers of inflammation. The IL6R SNP rs8192284 corresponds to the proteolytic cleavage site of membrane-bound IL6R that has been shown to affect sIL6 and IL6 serum levels [4, 19, 30] . In asthma, sIL6R serum and airway levels are increased and, in mice, the blockade of sIL6R suppresses airway inflammation [31, 32] . Furthermore, β-2 agonists such as albuterol have been shown to modulate IL6 serum levels in asthma [8] [9] [10] . On the basis of these results, we considered IL6R SNP rs8192284 as a plausible biological modifier for bronchodilator drug response. Despite these suggestive studies, we found no significant association between IL6 SNP rs8192284 and the drug response among the three populations, Mexican, Puerto Rican, and African-American asthmatic patients. Similar to earlier studies, the C allele of the IL6R SNP rs8192284 was overrepresented in Native Americans in comparison with other ethnic groups and this allele frequency paralleled the pattern of Native American ancestry in our study participants [4] .
To further explore the IL6 pathway, we selected functional IL6 gene variants to investigate the interaction with the IL6R gene. Although IL6 plays a major role in the inflammation process, the exact pathogenetic mechanism of IL6 in asthma remains unclear. Our results revealed that IL6 variants (rs1800796 and rs13306435) and haplotypes significantly modified bronchodilator drug response in Mexican asthmatic patients. These associations remained statistically significant even after permutation testing, which accounts for multiple testing. The proliferation of the mucosal Th 2 cells, thought to play a major role in asthma, depends on IL6 trans-signaling through the sIL6R. In contrast, suppression of regulatory T cells and differentiation of CD4 + cells into Th 2 within the lung depends on gp130 signaling mediated by the membrane-bound IL6R [31] . Moreover, in comparison with wild-type mice, IL6 deficient mice manifested exaggerated inflammation, whereas mice overexpressing IL6 manifested diminished inflammation in the bronchial airways [32] . These studies suggest that abnormalities in the production and/or effector functions of IL6 can contribute to the generation, severity, and chronicity of asthma. Furthermore, albuterol has been shown to increase IL6 gene expression in vivo and in vitro. On the basis of these findings, we studied IL6 functional variants that affect IL6 expression, production or binding to gp130, as a potential bronchodilator drug modifier in asthma. To the best our knowledge, this study is the first to investigate the IL6 and IL6R genes association with asthma among ethnically diverse populations.
On the gene level, we found a consistent pharmacogenetic gene-gene interaction in the three admixed populations. The pharmacogenetic interaction resulted in differential drug responsiveness to albuterol, which was most likely attributable to IL6 cytokine binding to the IL6 receptor, thus resulting in changes of the inflammatory process. This observed pharmacogenetic interaction, was contextual, however, and dependent upon individual genetic ancestry. Our results showed that polymorphisms of IL6 and IL6R occurring together resulted in higher drug response in Latinos, but lower drug response in African-Americans. To explain this discrepancy in drug response, our analysis suggested that genetic ancestral background might modify the effects of the gene-gene interaction on bronchodilator drug response. In Latino asthmatic patients, when the minor alleles of polymorphisms IL6R rs8192284 and IL6 rs1800796 occurred together, increased European ancestry resulted in decreased drug response, whereas increased Native American ancestry resulted in increased drug response. Although statistical significance for the effect modification by ancestry was achieved only in Mexican asthmatic patients (Pλ=λ0.03), parallel trends were observed for effect modification by ancestry in Puerto Rican asthmatic patients as well. This lack of significance in Puerto Rican asthmatic patients may be explained by lower frequencies of each allele, which have resulted in decreased statistical power. The interaction of genes and ancestry has been observed in both murine models and humans. In murine models, strain background has been shown to modify the effect of loci associated with airway hyperresponsiveness [33] . In humans, genetic ancestral background has been shown to modify the genetic effects of risk on inflammatory diseases [34] . Taken together, our results coupled with earlier results suggest higher-level gene-gene interactions.
In conclusion, this study provides evidence of significant pharmacogenetic gene-gene interaction between IL6 and IL6R that modifies bronchodilator drug response in three ethnically diverse asthmatic populations. Further functional studies will be needed to evaluate the biological interaction between IL6 and IL6R genetic variants to elucidate the casual mechanism behind differential bronchodilator drug responseOn the basis of these findings, future studies should focus on the potential clinical implications of genetic variants on drug response amongst asthmatic patients. Minor allele frequencies and P value for HWE analysis for IL6 and IL6R variants in Mexican and Puerto Rican GALA probands and parents and AfricanAmerican SAGE cases and controls 
